In collaboration with participants of the Coordinating Research Council (CRC) Advanced Vehicle/Fuels/Lubricants (AVFL) Committee, and project AVFL-19, the characteristics of fuels from advanced and renewable sources were compared to commercial diesel fuels. The main objective of this study was to highlight similarities and differences among the fuel types; that is, ultra-low sulfur diesel (ULSD), renewables, and alternative fuels, and among fuels within the different fuel types. This report summarizes the carbon-type analysis from 1 H and 13 C{ 1 H} nuclear magnetic resonance spectroscopy (NMR) of 14 diesel fuel samples. The diesel fuel samples come from diverse sources and include four commercial ULSDs, one gas-to-liquid (GTL) diesel fuel, six renewable diesel (RD) fuels, two shale oil (SO)-derived diesel fuels, and one oil sands (OS)-derived diesel fuel. Overall, the fuels examined fall into two groups. The two shale oil-derived samples and the oil-sand-derived sample closely resemble the four commercial ULSDs, with SO1 and SO2 most closely matched with ULSD1, ULSD2, and ULSD4, and OS1 most closely matched with ULSD3. As might be expected, the renewable diesel fuels, with the exception of RD3, do not resemble the ULSD fuels because of their very low aromatic content, but more closely resemble the GTL sample in this respect. RD3 is significantly different from the other renewable diesel fuels in that the aromatic content more closely resembles the ULSD fuels. Fused-ring aromatics are readily observable in the ULSD, SO, and OS samples, as well as RD3, and are noticeably absent in the remaining RD and GTL fuels. Finally, ULSD3 differs from the other ULSD fuels by having a significantly lower aromatic carbon content and higher cycloparaffinic carbon content. In addition to providing important comparative compositional information regarding the various diesel fuels, this report also provides important information about the capabilities of NMR spectroscopy for the detailed characterization and comparison of fuels and fuel blends.
Introduction
Alternative and renewable fuels are likely to become important contributors to vehicle fuels as they become more commercially available. Already available are fuels derived from Canadian oil sands, an alternative fuel source, with shale oils becoming increasingly available as extraction and processing techniques become more cost effective. Renewable biodiesel fuels are also drawing increased interest because conventional refinery hydroprocessing methods can be used, making the fuels more compatible with existing infrastructure, consequently making them more attractive to fuel producers. In using fuels from alternative and renewable sources directly, or blending these sources with more conventional fuel feedstocks, it is essential to understand from a molecular level the performance properties that each fuel brings. Our goal is to use molecular structure to accurately forecast the fuel performance properties, allowing the resulting fuels to be optimally blended. This understanding will lead to a more reliable fuel product that can be derived from multiple sources, toward the goal of increasing fuel availability and lowering cost.
This report summarizes the carbon-type analysis from 1 H and 13 C{ 1 H} nuclear magnetic resonance (NMR) spectroscopy of 14 diesel fuel samples, as analyzed by Pacific Northwest National Laboratory (PNNL), Richland, Washington. The diesel fuel samples come from diverse sources and include four commercial ultra-low sulfur diesel (ULSD) fuels, one gas-to-liquid (GTL) diesel fuel, six renewable diesel (RD) fuels, two shale oil (SO)-derived diesel fuels, and one oil sands (OS)-derived diesel fuel.
NMR spectroscopy is a powerful technique for quantifying both carbon and hydrogen functionalities in petroleum samples. Much of the motivation for using NMR analyses as a means of characterizing fuel samples may be found in our previous work (Alnajjar et al. 2010) . Spectral range assignments and interpretation of NMR results are based on ranges and methods presented by Altgelt and Boduszynski (1994) . PNNL utilizes additional multi-dimensional NMR techniques and advanced pulse sequences in order to make thorough assessments of functional group assignments. In several cases, the methodology is under development and will be reported separately. Example data from single-bond, proton-carbon correlation (HSQC) NMR spectra are shown later in this report.
Results and Discussions
During the course of this investigation, fuels from diverse sources were examined. The analyses of specific fuel groupings are presented in the following subsections. In most cases these fuels were naturally grouped, but in the case of the gas-to-liquid (GTL) fuel, the closest comparison fuels were the renewable diesels, based upon the generally low aromatic content of the members of this group. Comparisons within the group and overall comparisons between the groups were made. Each subsection includes a summary comparison Because of the nature of this study, the fuel processing and fuel sourcing information of the sample fuels is unavailable. Coupling fuel source and fuel processing information with the NMR carbon-type analysis could provide insights into the processing conditions and catalysts used during the upgrading process.
Comparison of Ultra-Low Sulfur Diesel Samples
Selected percent carbon content information for ultra-low sulfur diesel (ULSD) samples is shown in Tables 1 and 2 . Table 1 provides an overview of major carbon types and a summary comparison of data, while Table 2 provides a more detailed analysis of select carbon types for the ULSD samples.
As shown in Tables 1 and 2 , the carbon type contents for ULSD1, ULSD2, and ULSD4 are similar. ULSD3 is distinct, having significantly lower aromatic carbon content, and higher cycloparaffinic carbon content. ULSD4 has the highest aromatic content, and ULSD1 has the highest (n + iso) paraffinic content.
Examining the aromatic region of the 1 H NMR shows that the majority of aromatic hydrogens are attached to monoaromatic species, but a significant fraction (about 20%-30%) of the aromatic hydrogens are attached to carbons in fused diaromatic systems, with the greatest relative percent of diaromatic hydrogens in ULSD2 and the least in ULSD1. ULSD 2 and ULSD 4 have the greatest number of aromatic hydrogens associated with two fused rings. From Tables 2 and 3, the number of internal or bridgehead carbons and the greater aromatic cluster size, respectively, also support the conclusion that ULSD2 and ULSD4 contain greater quantities of diaromatic species. 
Comparison of Diesel Samples Derived from Shale Oil (SO) and Oil Sands (OS) Feedstocks
Selected percent carbon content information for diesel samples derived from shale oil (SO) and oil sands (OS) feedstocks are shown in Tables 4-6. Table 4 provides an overview of major carbon types and a comparison of aromatic, paraffin, and naphthenic content for the two sample types. Table 5 provides a more detailed NMR analysis of select carbon types for the SO and OS samples.
The available NMR data show that the oil sands-derived sample is substantially different from both of the shale oil-derived samples, having a lower aromatic content and a higher cycloparaffin content. Both shale oil-derived samples are very similar. From the 1 H NMR results shown in Table 6 , the oil sandsderived sample, OS1, has proportionally higher diaromatic content than either of the shale oil-derived samples, SO1 and SO2. From Tables 4 and 5, SO1 has slightly higher unsubstituted aromatic carbons and an overall greater aromatic hydrogen content than SO2, balanced with consistently lower values for substituted aromatic carbons (methyl-, methylene-, and methine-substituted aromatic carbons, as well as naphthene-substituted aromatic carbons, such as those found in tetralin). This suggests that on average SO2 is more likely to have a greater number of substituted aromatic carbons per ring than SO1. 
Comparison of Renewable Diesel (RD) and Gas-to-Liquid (GTL) Samples
Selected percent carbon content information for diesel samples derived from biomass (RD) and gasto-liquid (GTL) feedstocks are shown in Tables 7-9. Table 7 provides an overview of major carbon types and a summary comparison of data, and Table 8 provides a more detailed NMR analysis of select carbon types for the renewable (i.e., biomass-derived) and gas-to-liquid samples. Table 9 shows that with the exception of RD3, there are no significant aromatic hydrogen resonances in this data subset.
Low aromatic carbon contents are generally to be expected in renewable and GTL feedstocks, but this is not the case for RD3, where there is a substantial aromatic contribution, similar to that found in three of the four ULSDs examined in Section 2.1. Additionally, the presence of bridgehead carbons (Table 8) , coupled with 1 H NMR data (Table 9) showing hydrogens attached to fused di-and triaromatic ring carbon atoms, suggest a significant contribution from not only mono-aromatic species, but also fused-ring species in RD3 not present in other biomass-derived samples examined here. From Table 9 , nearly half of the protonated carbons are assigned to di-and triaromatic species. 
Advanced Analysis Techniques
Single-bond proton-carbon correlation (HSQC) NMR spectra have also been obtained for several of the fuels in this group, although data collection is ongoing. The aromatic region in particular can provide interesting information that can allow us to fingerprint fuels. Figure 1 shows the HSQC aromatic region for two diesel samples derived from shale oil (SO1 and SO2) and oil sands (OS1) feedstocks. As an initial observation, the pattern shown for the two shale oil samples (SO1 and SO2) and the ULSD sample (ULSD1), (a)-(c), respectively, show obvious similarities, which are in keeping with the statements above that these fuels are generally similar in overall makeup, with SO2 (b) and ULSD1 (c) exhibiting the most similarities. On closer examination, specific differences in peak intensity and some unique peaks can be observed for each spectrum. Of the four spectra presented, (d), the aromatic region for OS1, is most different, showing a well-defined boundary for the aromatic region, but fewer intense peaks within that boundary. When integrated, a quantitative assessment of the aromatic fuel components may be obtained, with the correlated spectra allowing better discrimination between resonances that are overlapping in the 13 C{ 1 H} NMR spectrum. Taken as a whole, each of the fuels presents a different distribution of components, readily obvious in the HSQC data. These clearly observable differences allow us to readily discern different fuel blends or sources, and can later be correlated to physical properties derived from molecular structures within the fuels. 
Conclusions
Overall, the fuels examined here fall into two groups. The two shale oil-derived samples and the oilsand-derived sample closely resemble the four commercial ultra-low sulfur diesels, with SO1 and SO2 most closely matched with ULSD1, ULSD2, and ULSD4, and OS1 most closely matched with ULSD3. ULSD3 differs from the other ULSD samples, having significantly lower aromatic carbon content and a higher cycloparaffinic carbon content. As might be expected, the renewable diesel fuels, with the exception of RD3, do not resemble the ULSD or alternative fuels because of their very low aromatic content, but more closely resemble the gas-to-liquid sample (GTL) in this respect. As noted previously, RD3, particularly with respect to the aromatic content, more closely resembles the ULSD fuels. Additionally, fused-ring aromatics are readily observable in the ULSD, SO, and OS samples, as well as RD3, and are noticeably absent in the remaining RD and GTL fuels.
Nuclear Magnetic Resonance Method
All quantitative 1 H NMR and 13 C{ 1 H} NMR spectra were acquired at 499.67 and 125.65 MHz, respectively, on a Varian Inova System. All spectra were recorded at 25.0°C in 5-mm outer-diameter NMR tubes, spinning at 20 Hz. Spectra were processed using analysis tools from Varian VNMRJ Version 2.2 Revision D software, or MestReNova Version 6.0.4-5850 software.
Quantitative
13 C{ 1 H} spectra were acquired using a 45° observe pulse; acquisition and relaxation delay times of 3 and 5 seconds, respectively, with 1 H Waltz decoupling during the acquisition delay period for nuclear Overhauser enhancement (NOE) suppression; and 0.05 M Cr(acac) 3 for T 1 reduction and quenching of any residual NOE, where acac is CH 3 C(O)CHC(O)CH 3 . These conditions lead to an average integral uncertainty of about ±2% (in carbon aromaticity). Carbon-13 spectra are referenced to internal CDCl 3 (77.16 ppm) (Gottlieb et al. 1997) , tetramethylsilane (0 ppm), or the α-carbon of linear long chain saturated hydrocarbons (14.16 ppm). Samples consisted of 0.20 mL of fuel diluted to 1.00 mL in CDCl 3 with 0.05 M Cr(acac) 3 . Spectra resulted from 1,500-6,000 scans. Line broadening of 2.5 Hz was used for processing spectra to improve the signal-to-noise ratio. Quantitative results were obtained by integrating each sample spectrum on two or three separate occasions to account for variation in phasing and baseline correction approaches. Results are presented as normalized averages of the integrated area for each spectral region.
Quantitative 1 H spectra were acquired using a 30° observe pulse, with acquisition and relaxation delays of 3 and 8 seconds, respectively, for an 11-second recycle time. Samples consisted of about 50 mg of fuel diluted to 1.00 mL in CDCl 3 . Addition of Cr(acac) 3 did not change the integration values for the proton NMR. Measured proton ratios are relatively insensitive to conditions as long as recycle times are kept above about 5 seconds. Chemical shifts are referenced to internal tetramethylsilane (0 ppm) or to internal residual CHCl 3 in solvent CDCl 3 (7.26 ppm) (Gottlieb et al. 1997) . Spectra resulted from 128 scans. Line broadening was not used. Quantitative results were obtained from single integrations of each spectrum, because unlike the 13 C{ 1 H} analyses, 1 H seemed to be less susceptible to phasing and baseline correction variations.
Spectral range assignment and interpretation of NMR results are based on ranges and methods presented by Altgelt and Boduszynski (1994) . 
